Background. The response of endothelial cells to altered flow conditions has been studied extensively. However, the indirect effects of shear stress on medial smooth muscle cells (SMCs) have been less well characterized and a murine model of high shear stress has not been available.
INTRODUCTION
Arteries adapt to hemodynamic forces in an endothelium-dependent manner and this flow-induced remodeling serves to normalize wall shear stress [1, 2] . Increased blood flow in arteries proximal to an arteriovenous fistula results in luminal enlargement, while diminished blood flow leads to luminal narrowing and a decreased medial area [3, 4] . During fetal development, vascular remodeling occurs extensively [5] . In adults, the hemodynamic conditions found in certain vascular beds are associated with early atherogenesis [6, 7] , restenosis [8] , and aortic aneurysms [9] .
In vitro investigations have yielded extensive information on the endothelial response to changes in flow conditions. These studies demonstrate that shear stress alters the expression and activity of several genes including those encoding for endothelial nitric oxide synthase (ecNOS) [10] , endothelin [11] , TGF-␤ [12] , tPA [13] , platelet-derived growth factors A and B [14] , and several genes encoding for nuclear transcription factors including c-fos [15] . Investigators have used cocultures of endothelial and smooth muscle cells to more specifically evaluate their interactions [16] .
However, endothelial cells in the arterial wall are constantly exposed to basal flow conditions in vivo beginning during fetal development and this undoubtedly influences their phenotype. Additionally, chronic arterial remodeling is a complicated phenomenon that likely involves interactions between all three layers of the vessel wall. As such, the response of arteries to changing flow conditions is difficult to model in vitro and suitable methods for studying this process in vivo are necessary.
In an attempt to circumvent these problems, several groups have recently developed rodent models to study changes in gene expression due to flow alterations. Early studies demonstrated sustained elevations in arterial ecNOS expression in response to an aortocaval fistula in rats [17] and decreases in angiotensinconverting enzyme expression by elevated shear stress from aortic constriction [18] . Miyashiro et al. demonstrated that flow-induced arterial remodeling was diminished with age [19] and Geary et al. demonstrated that PDGF-A and B mRNA are induced in arteries responding to chronic decreases in blood flow [20] . A mouse model of low-oscillatory shear stress has been described [21] and Rudic et al. recently confirmed the importance of nitric oxide synthase by demonstrating that carotid arteries in mice lacking ecNOS failed to undergo the expected reduction in caliber after outflow ligation [22] . However, the effects of genetic alterations on flow-induced arterial enlargement have been less well characterized largely because a murine model of high shear stress has not been described.
The c-fos nuclear proto-oncogene is one of several immediate-early genes that couple short-term signaling events to longer term changes in cellular gene expression [23, 24] . This transcription factor plays a central role in activating genes through its association with jun to form the AP-1-binding complex [25] . In cultured human endothelial cells, pulsatile and steady shear stresses induce a significant but transient increase in c-fos mRNA levels and an increase in c-fos nuclear translocation [26 -28] . This response is inhibited by antioxidants [29] . Temporal gradients in shear, as seen with impulse flow profiles, stimulate c-fos transcription significantly more than steady or ramp shear stress profiles [30] . Additionally, organ chamber experiments show that high shear stress induces immediateearly gene expression throughout the vessel wall and this suggests a role for shear stress in altering the phenotype of medial SMCs [31] . However, the in vivo response of medial SMCs has been less well defined.
The purpose of this series of experiments was to develop and utilize a mouse model of high-flow-induced arterial remodeling. The hemodynamic alterations that occur in the mouse aorta after construction of an aortocaval fistula are described. A previously characterized strain of fos-lacZ transgenic mice was used to examine the effects of increased blood flow on arterial fos-lacZ expression. These results suggest that alterations in flow have a significant effect on medial SMC gene expression and the effects are more sustained than previously anticipated.
MATERIALS AND METHODS

Surgical Creation of Aortocaval Fistula
For initial experiments involving aortocaval fistula creation and hemodynamic measurements, male ICR mice (Charles River, MA) weighing 25-40 g were anesthetized using 0.05 mg/g Nembutal IP (Abbott Labs, Chicago, IL). Heart rate and respiratory rate were monitored and supplemental anesthesia was administered as needed using Nembutal IP. A midline abdominal incision was made and the distal abdominal aorta and vena cava were exposed. Heparin 1 unit/g was given by direct puncture of the inferior vena cava using a 30-G needle. Pressure was applied to the puncture site to obtain hemostasis. The distal aorta was cross-clamped at its bifurcation using microvascular clamps (Roboz Surgical Instrument Co., Inc., Rockville, MD). An aortocaval fistula was then constructed by needle puncture using a 22-G needle (Monoject, Sherwood Medical, St. Louis, MO) as follows: The needle was inserted into the left lateral wall of the aorta immediately above its bifurcation. It was then advanced through the medial wall and into the inferior vena cava. The needle was then withdrawn and the left lateral aortotomy was closed using 10-O monofilament nylon suture (Microsurgery Instruments, TX). During arteriotomy closure, direct pressure was applied to the infra-renal aorta using cotton-tipped swabs. This technique was used in order to minimize injury to the aortic wall during arteriotomy closure. The aortic cross-clamp was removed and flow was reestablished into the lower extremities. The presence of a patent fistula was confirmed by visualizing red, arterial blood in the inferior vena cava.
Control animals underwent aortic puncture but not caval puncture and thus did not have a functional arteriovenous fistula. For ␤-galactosidase experiments, an additional group of control animals were unoperated and served as a baseline. The abdominal incision was closed in two layers using 4-O Vicryl suture. Animals were allowed to recover with full access to food and water. All animals were studied under protocols approved by the Animal Care and Use Committee of Stanford University and in accordance with the Guide for the Care and Use of Laboratory Animals, Department of Health and Human Services Publication Number (NIH) 86-23, revised 1985.
Hemodynamic Measurements
In order to characterize the hemodynamic changes after ACF creation, 18 male ICR mice underwent fistula creation as described. Each mouse underwent hemodynamic measurement before and immediately after fistula creation as described below (baseline and 1-h time points). Mice were then divided into 3 groups that underwent hemodynamic measurements at 1 day (n ϭ 4), 7 days (n ϭ 8), or 21 days (n ϭ 6) after fistula creation. At the indicated time points, animals were anesthetized and the abdominal incision was opened. The infrarenal aorta was dissected and exposed. In vivo aortic diameter was assessed by photographing the aorta next to an internally placed scale. The aorta could then be measured by comparing it to the internal scale on projected slides. Three measurements were made at 1-mm intervals. These were averaged to give a single aortic diameter for each mouse. Heart rate was monitored and maintained within 20% of baseline by intraperitoneal normal saline infusion and judicious use of anesthetic. Blood flow was then measured using micro-Doppler velocimetry techniques. We used a miniature Doppler blood flow transducer connected to a 20 MHz high-velocity, pulsed Doppler velocimeter (Crystal Biotech). Mean blood velocity (cm/sc) and Doppler shift (kHz) were measured in the infrarenal aorta at 2-min intervals over 6 min. These three measurements were averaged to give one value for each animal. Blood flow was calculated using the formula Q ϭ 1.25(D 2 )(⌬f) where 1.25 is a constant related to the 20 MHz probe, D is the diameter in mm, and ⌬f is the Doppler shift (in kHz). Wall shear stress was calculated using the HagenPoiseuille formula WSS ϭ 4 Q/r 3 . In this formula, is the viscosity of blood (taken to be 0.035 P), Q is the blood flow in ml/s, and r is 1/2 of the externally measured aortic diameter (D) without correction for wall thickness. Pooled averages at each time point were then compared to baseline controls.
Fos-lacZ Mice
Assessment of ␤-galactosidase activity in aortas proximal to the arteriovenous fistula was performed in fos-lacZ mice generously provided by T. Curran (Roche Institute of Molecular Biology). These mice contain a 7.75-kbp DNA fragment containing the fusion gene fos-lacZ. The 3.5 kbp of c-fos sequence within this fusion gene contains all of the known elements associated with transcriptional regulation [32] . The Fos-lacZ protein contains 315 N-terminal amino acids from c-fos and 1015 C-terminal amino acids from ␤-galactosidase. Crossing heterozygote or homozygote males with nontransgenic females generated the heterozygous mice that were used for these experiments. The presence of the fos-lacZ transgene was determined by ␤-galactosidase staining of tail clippings. Only male mice with positive ␤-galactosidase tail staining were used for these experiments.
Quantification of ␤-Galactosidase Activity
At 6 h (n ϭ 6), 1 day (n ϭ 4), and 7 days (n ϭ 4) after aortocaval fistula creation, aortic specimens of standardized 7-mm length were harvested from the mice. Sections were taken from the level of the mesenteric vessels down to a level 1 mm proximal to the aortocaval fistula. Unoperated animals (n ϭ 2) served as controls. Segments were snap-frozen in liquid nitrogen and stored at Ϫ80°C until needed for further analysis. Vessels were then crushed to a fine powder under liquid nitrogen and cells were lysed in buffer consisting of 100 mM potassium phosphate, pH 7.8, and 0.2% Triton X-100. ␤-Galactosidase activity was then measured using the Galacto-Light Plus chemiluminescent reporter assay system (Tropix, Inc., Bedford, MA) and compared to a standard curve using ␤-galactosidase enzyme (Sigma, St. Louis, MO). Protein was quantified in these samples using the Pierce BCA protein assay system (Pierce, Rockford, IL). ␤-Galactosidase activity is expressed as units of ␤-galactosidase activity per microgram protein.
Histologic Assessment of ␤-Galactosidase Staining
At baseline (prefistula) (n ϭ 3) and at 6 h (n ϭ 7), 1 day (n ϭ 3), 7 days (n ϭ 3), and 14 (n ϭ 5) days after aortocaval fistula creation, animals were killed by overdose with Nembutal and aortas were fixed with a buffered solution containing 2% formaldehyde and 0.2% glutaraldehyde. A segment of aorta beginning 1 mm above the puncture site and ending at the level of the renal arteries was excised. The aorta at the level of the puncture site was excluded. Arteries were then washed in PBS several times to remove any fixative and placed into X-Gal solution (5 mmol/L K 4 Fe(CN) 6 , 5 mmol/L K 3 Fe(CN) 6 , 1 mmol/L MgCl 2 , and 1 mg/ml X-Gal in PBS) for 6 h. For gross evaluation of ␤-galactosidase staining, vessels were cut longitudinally and photographed at 30ϫ magnification using a Zeiss stereo microscope.
For evaluation of specimens by cross-sectional histology, vessels were embedded in paraffin, cut into 6-m sections, and counterstained with nuclear fast red. To estimate the amount of fos-lacZ induction in the medial layer, 100 medial cells were counted in each of three histologic sections from each animal and the percentage of nuclear-dominant blue cells was calculated. To assess the amount of fos-lacZ induction in the intimal layer, 25 endothelial cells were counted in each of three histologic sections from each animal and the percentage of nuclear-dominant blue cells was calculated.
Immunohistochemical Staining for ␣-SMC Actin
Immunohistochemical staining for ␣-smooth muscle actin was undertaken on histologic cross sections using the Sigma ␣-SMC actin staining kit. Staining was carried out using the manufacturer's instructions. Briefly, sections were cleared of paraffin and hydrated to water. Endogenous peroxidase activity was quenched with H 2 O 2 and nonspecific binding was blocked with normal serum. Sections were then incubated for 1 h with the primary antibody or PBS as a control. All sections were then incubated with biotinylated secondary antibody for 1 h followed by development with AEC chromogen. Sections were then counterstained with Hematoxylin.
Evaluation of Endothelial cell fos-lacZ Expression
In order to more carefully evaluate the endothelial cell layer and to corroborate the results we obtained from cross-sectional analysis, we next used a modified Hautchen en face technique. In three aortic specimens harvested at 6 h after fistula creation, an en face evaluation was performed as previously described [20, 33, 34] . Briefly, aortic specimens were harvested, fixed, and stained for ␤-galactosidase activity as described for gross evaluation. The aortic segments were then opened longitudinally and pinned to PTFE cards with the endothelium exposed. Aortic segments were then dehydrated in graded ethanols and left in 100% ethanol overnight. The endothelial surface was then embedded in collodion on previously prepared slides as described [34] . The medial and adventitial layers were gently peeled off leaving the intact endothelial cell layer on the slide. Slides were then covered with coverslips and evaluated by light microscopy at 400ϫ magnification. The percentage of positive cells was calculated by counting 100 cells in each of three separate fields on each specimen.
Statistical Analysis
Comparison of hemodynamic parameters after ACF construction was performed using a univariate analysis of variance and post hoc comparisons between baseline (prefistula) and other time points were performed using Dunnett's t test with P Ͻ 0.05 considered significant. For comparison of ␤-galactosidase enzymatic activity and percentage positive cells, groups underwent pairwise comparisons using Student's t test with P Ͻ 0.05 considered significant.
RESULTS
Aortic Enlargement in Mouse ACF Model
We first assessed the changes in blood flow and arterial diameter that resulted from aortocaval fistula construction in our model. Immediately after ACF construction, aortic blood flow increased 2.6-fold (1.92 Ϯ 0.15 to 5.09 Ϯ 0.69 ml/min, P Ͻ 0.05). Aortic diameter did not change immediately after ACF construction (0.61 Ϯ 0.03 to 0.61 Ϯ 0.04 mm, P ϭ ns) and as such, we were unable to identify any immediate flow-induced vasorelaxation. However, at 1 day, blood flow had increased 5.6-fold (10.87 Ϯ 2.83 ml/min) and aortic diameter had significantly increased by 32% (0.81 Ϯ 0.11, P Ͻ 0.05), likely due to flow-induced vasorelaxation and not active remodeling of the vessel wall. No attempt was made to chemically vasodilate blood vessels but during flow and diameter measurements, heart rate was maintained within 20% of baseline through crystalloid administration and supplemental anesthesia as needed. At 7 and 21 days, the increased blood flow was maintained (8.66 Ϯ 1.61 and 15.75 Ϯ 2.50 ml/min respectively, P Ͻ 0.5 compared to baseline, P ϭ ns compared to Day 1). However, the aortic diameter continued to increase (0.87 Ϯ 0.06 at 7 days, P Ͻ 0.05 vs baseline) and nearly doubled in size by 3 weeks (1.18 Ϯ 0.05 at 21 days, P Ͻ 0.05 vs baseline) (Figs. 1A and B and Figs. 2A and B) .
The calculated wall shear stress increased 2.6-fold immediately after ACF creation reflecting the increase in blood flow without a significant increase in arterial diameter (49 Ϯ 5 dyn/cm 2 to 135 Ϯ 15 dyn/cm 2 , P Ͻ 0.05) and it remained elevated at 1 day (120.91 Ϯ 15.65 dyn/cm 2 , P Ͻ 0.05 vs baseline). However by Day 7, wall shear stress had begun to return to normal (78.67 Ϯ 10.42 dyn/cm 2 , P Ͻ 0.05 vs baseline), and it was not significantly different from baseline at 21 days due to the increase in aortic diameter (56.97 Ϯ 8.62 dyn/cm 2 , P ϭ ns) (Fig. 1C) . Animals used for these measurements appeared healthy after recovering from their procedure and had appreciable weight gain at the time of sacrifice (preop 24.9 Ϯ 1.64 g vs 21 days 35.6 Ϯ 7.21 g). However, 4 animals were sacrificed between 1 and 4 days after their procedure due to weight loss and lack of oral intake.
Aortic X-Gal Staining Is Increased after ACF Creation
We next assessed the level of X-Gal staining on gross aortic specimens from fos-lacZ transgenic mice that had undergone ACF creation. We evaluated staining on specimens taken after a sham procedure (control) and at 6 h, 1 day, 7 days, and 14 days after fistula creation. Control specimens from sham-operated mice did not demonstrate X-Gal staining proximal to the ACF (Fig. 2C) . A small area of positive staining located directly at the aortic puncture site was thought to be due to arterial injury and thus was excluded from further analysis. At 6 h after fistula creation, all specimens demonstrated significant blue staining in the infrarenal aorta with a decreased amount of staining in the descending thoracic aorta (Fig. 2D) . Specimens taken at 1 day after fistula creation demonstrated persistent but reduced X-Gal staining while those taken at 7 and 14 days after ACF creation demonstrated relatively little ␤-galactosidase positivity.
Medial Cell ␤-Galactosidase Expression
In order to identify the cellular origin of ␤-galactosidase expression, X-gal-stained aortic specimens were next evaluated on histologic cross sections. Specimens taken from control animals that underwent a sham procedure demonstrated only rare ␤-galactosidase staining at all levels (2 Ϯ 0.3 positive cells) (Figs. 3A and B) . The occasional positive cell was likely due to inflammatory changes related to the surgery. However, in aortas taken from animals after fistula creation, we saw significant medial cell staining that was primarily located near the intima. At 6 h after ACF creation, 67 Ϯ 10% of SMC stained positively for ␤-galactosidase (P Ͻ 0.5 compared to control) (Figs. 3C and 4A) and this was significantly greater than the amount of staining seen at 6 h in another group of sham-operated mice in which the aorta was punctured but no fistula was created (13 Ϯ 11% positive cells, P Ͻ 0.05 compared to the ACF group). The percentage of ␤-galactosidase-positive cells decreased at 1 day (15 Ϯ 11 positive cells, P Ͻ 0.5) (Figs. 3D and 4A) , and it decreased further at 7 and 14 days after fistula creation (11 Ϯ 4.39% positive cells, P Ͻ 0.05, and 3 Ϯ 0.74 positive cells, P ϭ ns compared to baseline, Figs. 3E and F and 4A). No specimen demonstrated evidence of intimal hyperplasia secondary to injury, and although difficult to assess on cross section, the endothelium appeared to be intact in all specimens.
␤-Galactosidase Activity in Aortic Specimens
We next measured the amount of arterial wall ␤-galactosidase activity using a chemiluminescent system. In aortic specimens taken from unoperated fos-lacZ mice, there was minimal endogenous ␤-galactosidase activity (1.81 Ϯ 0.22 rlu/g). However, by 6 h after ACF creation, ␤-galactosidase was significantly elevated compared to baseline (41.41 Ϯ 16.28 rlu/g, P Ͻ 0.05). At 1 and 7 days, ␤-galactosidase activity had decreased but remained above baseline (26.21 Ϯ 2.10 and 15.17 Ϯ 0.20, P Ͻ 0 . 0 5 c o m p a r e d t o c o n t r o l ) . T h e p e a k i n ␤-galactosidase activity occurred early after ACF creation at a time when wall shear stress was highest (Fig. 4B) .
FIG. 3.
Cross-sectional histology of aortic specimens from c-fos-lacZ mice. Specimens were exposed to X-Gal solution and counterstained with nuclear fast red. (A) normal aorta, (B) aortic specimen harvested 6 h after sham procedure, (C) 6 h after ACF, (D) 1 day after ACF, (E) 7 days after ACF, (F) 14 days after ACF. The highest level of ␤-galactosidase staining is seen at 6 h after ACF and is primarily located near lumen (400 ϫ magnification).
␣-SM Actin Staining
In order to confirm the identity of medial cells as SMC, we performed immunohistochemical staining of arterial cross sections for ␣-SM actin. We found that all medial cells demonstrated positive staining for ␣-smooth muscle actin (Fig. 5A) . There was no evidence of inflammatory infiltrate seen on any tissue section and minimal staining was noted in the adventitia.
Endothelial ␤-Galactosidase Staining
Our evaluation of the intimal layer on histologic cross section suggested that there were only scattered and occasional X-Gal-positive cells in the intima. In order to better analyze endothelial cell staining, we used a modified Hautchen-type en face preparation to evaluate a separate group of arteries that were harvested at 6 h after fistula creation. This technique removes the medial and adventitial layers of the artery and leaves an intact endothelial lining that can be evaluated under conventional light microscopy. In contrast to our findings in medial SMCs, we noted only minimal (less than 2%) endothelial cell X-Gal staining. Endothelial cell ␤-galactosidase expression appeared to occur variably and in scattered regions of the intimal surface. While occasional sections had more than two positive endothelial cells as seen in Fig. 5B , most sections had no positive cells or one positive cell. There were no endothelial cell disruptions noted in our specimens (Fig. 5B) .
DISCUSSION
The endothelial cell layer is necessary for both acute and chronic changes in arterial lumen diameter. Arterial adaptation to various hemodynamic states is thought to be a critical component of vascular development, and certain flow conditions have been associated with pathologic conditions such as atherosclerosis and restenosis. Understanding the effects of altered blood flow on arteries would give us insight into both normal development and pathologic arterial degeneration.
A mouse model of flow-induced arterial remodeling was developed that allows for the study of increased shear stress proximal to an aortocaval fistula. The surgical procedure is rapid and reproducible because the fistula is a standard size that is determined by the diameter of the needle. In this series of experiments, the hemodynamic changes that occur in mice after aortocaval fistula creation were characterized using pulsed Doppler velocimetry. The pulsed Doppler velocimetry device was chosen for this particular series of experiments because it can be used in a variety of anatomical locations without circumferential dissection of the blood vessel. Shear stress increased 2.6-fold immediately after aortocaval fistula creation but returned to normal by 21 days due to arterial enlargement. Arterial diameter enlargement was significant by 7 days after fistula creation and continued throughout the 21 days of the study. One possible source of error in the shear stress calculation was the use of the externally measured diameter to determine the radius. This was done due to the inherent difficulty in assessing aortic wall thickness in mice. An alternative would have been to evaluate wall thickness on histologic sections but this would also have introduced a different error related to the changes in wall thickness during fixation and staining. We thus chose to use the externally measured diameter for our calculations with the understanding that there was systematic error in our shear stress calculation. These data are consistent with those previously obtained in large animal arteriovenous fistula models that also demonstrate a timedependent increase in arterial diameter and normalization of wall shear stress [3, 35] .
The nuclear proto-oncogene c-fos is able to participate in the induction of several genes involved in the remodeling process. This motif is found in several genes associated with vascular remodeling including effectors of cell proliferation, apoptosis, and matrix remodeling. More direct methods of evaluating c-fos expression such as Northern blotting and immunohistochemistry have previously been used [26, 27] . These methods were not compared in the present series of experiments. However, expression of fos-lacZ and c-fos mRNA has been previously shown to have similar kinetics and distribution patterns when compared both in vivo and in vitro with the exception that the fusion protein is thought to turn over with a slightly slower kinetic than Fos [36] . There are also possible limitations of the study that relate to the specific transgene used. The fos-lacZ construct contains only 3.5 kbp of the c-fos coding sequence. However, it is thought that this region contains all of the known elements associated with transcriptional initiation, repression, elongation, mRNA termination, and turnover [32] . Although phenotypic changes are possible in transgenic animals, no pathologic phenotypes have been noted in fos-lacZ heterozygotic mice such as the ones used in these studies. It is also possible that the ectopic location of the transgene may affect its expression and finally, there is the unlikely possibility that the presence of the foslacZ construct can affect the phenomenon of flowinduced arterial remodeling. Even with these limitations, use of fos-lacZ mice gives us a useful tool for estimating c-fos gene expression in vivo and this system offers several advantages over the use of in situ hybridization or antibody-based techniques. First, the staining is relatively quick and simple so that numerous specimens can be processed without difficulty. Second, it avoids the issue of nonspecific signal often seen with in situ hybridization or immunohistochemical staining of tissues. Additionally, once the mouse line is established, there is a significant cost advantage over other techniques for evaluating transgene expression. Finally, the use of a reporter gene construct such as ␤-galactosidase allows for a rapid method to quantify gene expression.
Previous studies on cultured endothelial cells showed a rapid induction of c-fos expression in response to shear stress that peaked within 30 min and returned to baseline by 1 h [26] . While significant fos-lacZ expression was demonstrated in medial SMC, endothelial cell transgene expression was not identified. The initial intent of this series of experiments was to evaluate the chronic changes in arterial gene expression seen with increased shear stress, and for this reason, a 6-h initial time point was chosen. Although evaluation of arteries for c-fos expression at 30 min would have been plausible, the technical aspects of closing the arteriotomy, maintaining adequate anesthesia, performing complex hemodynamic measurements and harvesting the artery within this time frame would have been challenging. It is thus possible that the peak in endothelial fos-lacZ expression was missed by the experimental protocol. Nevertheless, these data suggest that fos-lacZ expression persists in the arterial wall beyond the rapid time frame seen in cultured endothelial cells. It is thus likely that SMCs in the arterial wall become activated soon after increased shear stress is sensed by the endothelium. Alternatively, the activation of medial SMCs could have been due to a relative hypotension or to a decrease in wall tension that is thought to occur in the proximal artery near the site of an arteriovenous fistula.
Activation of medial SMCs may lead to the secretion of matrix-degrading enzymes and initiation of the cycle of apoptosis and proliferation necessary for the vessel wall to remodel. The early expression of fos-lacZ suggests that its importance may lie, not in chronically inducing genes, but in initiating the signaling cascade that leads to increased expression of a secondary level of effector molecules. Additionally, it is known that several fos-related genes are induced with delayed kinetics compared to c-fos and that these persist after c-fos has disappeared [37] . The kinetics of fos-lacZ expression thus suggests that c-fos is one of the early mediators of a complex phenomenon that continues over a longer time.
This study demonstrates the first use of a new aortocaval fistula model in mice to evaluate the effects of chronically increased blood flow on vascular gene expression. The results show that there is an early and sustained increase in medial SMC fos-lacZ expression during flow-induced arterial remodeling. Using these techniques, a variety of knockout and transgenic mouse lines can be used to test the importance of various factors in shear stress-related remodeling. Additionally, this model may help us to overcome some of the limitations of in vitro methods for studying complex arterial responses including the phenomenon of flow-induced arterial remodeling.
